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ABSTRACT 



We present new spectroscopic observations in a field containing the highest redshift cluster of the ESO Distant Cluster Survey 
(EDisCS). We measure galaxy redshifts and determine the velocity dispersions of the galaxy structures located in this field. Together 
with the main cluster CI 1103.7-1245 (z = 0.9580; cr dl , s = 522 + lllkms~') we find a secondary structure at z = 0.9830, 
CI 1 103.7-1245c. We then characterize the galaxy properties in both systems, and find that they contain very different galaxy pop- 
ulations. The cluster CI 1103.7-1245 hosts a mixture of passive elliptical galaxies and star-forming spirals and irregulars. In the 
secondary structure CI 1103.7- 1245c all galaxies are lower-mass star-forming irregulars and peculiars. In addition, we compare the 
galaxy populations in the CI 1103.7-1245 z = 0.9580 cluster with those in lower redshift EDisCS clusters with similar velocity 
dispersions. We find that the properties of the galaxies in CI 1 103.7-1245 follow the evolutionary trends found at lower redshifts: the 
number of cluster members increases with time in line with the expected growth in cluster mass, and the fraction of passive early-type 
galaxies increases with time while star-forming late types become less dominant. Finally, we find that the mean stellar masses are 
similar in all clusters, suggesting that massive cluster galaxies were already present at z ~ 1. 

Key words, galaxies: clusters: general - galaxies: distances and redshifts - galaxies: evolution 



1. Introduction 



Clusters of galaxies, the largest gravitationally-bound systems 
evolving from large-scale fluctuations, provide important con- 
straints on cosmological models and are also useful laboratories 
to study the effect of environment on galaxy evolution. In or- 
der to place the strongest constraints on cosmological parame- dPostman et al 
ters and explore a broad look-back-time baseline for evolution- 
ary studies, clusters at redshifts as high as z~ l are crucial (e.g., 
Arag on-Salamanca et al] 1 1 993b iLevineet al1l2002t iLima & Hul 
2004 . 



projects. In addition s mall samples and individual clusters have 
also been studied (e.g. van Dokkum et al. l2000irT ran et a ll20Tj3h 
i Kelson et al.ll997l | 2006 | ;lBamford et alj2005tlSerote Roos et al.1 
l2005UMoran et ai]l2005l) . 



At even higher redshift s , 47 clusters have been studied 



. 19981 1200 It lOlsen et al.1 l2005t Idilbank et al.1 

I2007t iMuzzin et al.l 120121) . comple mented with the analy- 



Unfortunately, spectroscopic surveys of sizeable galaxy sam- 
ples in very distant clusters (z ~ 1) are quite rare. At lower 
redshifts ( z ~ 0.2 - 0.8), 68 clusters hav e been studied to- 
date, including the spectroscopic surveys of ICouch & Sharplei 
d 19871) . a nd the work of the CNOC and M O RPHs collab- 
orations dYee et all [j996r. [Baloeh et al.l 11997b iDressler et ail 
11999b iPoggiantiet all Il999t) and, more recently, the EDisCS 
dWhite et all l2005h and ICBS (Oemler et al. in preparation) 



* Based on observations collected at the European Southern 
Observatory (ESO) Chile, as part of programme 080.A-0180(A), as 
well as on programme 166.A-0. 162 (the ESO Distant Cluster Survey). 
** benedetta.vulcani@oapd.inaf.it 



sis of individual rich clus t ers (e.g. |van Dokkum et al. 2000; 
| j0rgensen et al.l 20051 2006t iTanaka et al.ll2.006b iDemarco et al.l 
l2007t iTran et all 12007b [Fassben der et all |201 ll) . However, de- 
tailed spectroscopic studies of clusters at z ~ 1 are still relatively 
few and a clear picture of the galaxy population at this cosmic 
time has not emerged yet. 

For dis tant cluster stud ies, the ESO Distant Cluster Survey 
(EDisCS, White et al. 2005) represents an important step toward 
the understanding of the star formation histories of cluster galax- 
ies. It targeted 20 galaxy clusters, drawn f rom the Las Campana s 
Distant Cluster Survey (LCDCS) catalog dGonzalez et alj2001l) . 
with redshifts between 0.4 and 0.8. For these clusters a vast, 
high-quality, homogeneous multi-wavelength dataset has been 
assembled, making EDisCS arguably the best-studied cluster 
sample at these redshifts. 
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Deep spectrosco py with FORS2/VLT was initially obtained 
for 18 of the fields (Hallidav etall 12004 iMiiyanj -Jense n et al.1 
2008). Spectroscopic targets were selected with the aim of pro- 
ducing an unbiased sample of cluster ga laxies. During the ob - 
servation of the LCDCS field at z = 0.83 dGonzalez et alj|2001l) . 
a distant cluster at the LCDCS position but at a substantially 
higher redshift (z = 0.96) than that inferred from t he confirma- 
tion s pectroscopy was discovered (for details, see I White et all 
12005b . As spectroscopic targets were pre-selected using photo- 
metric redshifts to minimize field contamination, the EDisCS 
spectroscopic sample in this field was biased against z = 0.96 
galaxies. The discovery of nine galaxies at this redshift revealed 
the presence of a moderately rich cluster, with a preliminary 
spectroscopic velocity dispersion of cr s ^ ec = 600^["Qkms~ 1 . 
Given the large number of cluster members found in observa- 
tions biased against them, it seemed likely that the structure was 
richer still. 

The richness of CI 1103.7-1245 was c onfirmed by i ts clea r 
detection in the weak lensing analysis of IClowe et al.l (|2006). 
This study indicates a mass concentration corresponding to a 
cluster with a velocity dispersion cr,™"" 8 = 899^]^kms~ 1 cen- 
tred on the brightest cluster galaxy with z = 0.96. As noted in 
that paper, however, the lensing analysis might have overesti- 
mated the cluster mass due to the effect of mass belonging to 
two secondary structures at z — 0.63 and z = 0.70. 

Soft diffuse X-ray emission from hot ICM in CI 1103.7- 
1245 was also clearly detected in deep 90ks XMM-Newton ob- 
servations (Johnson et al., in preparation). The X-ray detection 
was coincident with both the Brightest Cluster Galaxy (BCG) 
and the weak-lensing detection and was of sufficient statistical 
quality that the X-ray luminosity (L x = 3.9+jq x 10 43 ergs~') 
and temperature (T = 3.2*H keV) can be independently con- 
strained by the X-ray spectrum (Johnson et al., in preparation). 
CI 1103.7-1245 is among the coolest and least luminous z ~ 1 
clusters to have been detected in X-rays. 

Additional spectroscopy for this cluster was obtained using 
FORS2 at the VLT, significantly expanding the redshift range 
of the EDisCS cluster sample. In this paper we present these 
new spectroscopic observations, the data reduction, and a de- 
tailed analysis of the galaxies in the field of CI 1 103.7-1245. In 
addition we compare this cluster's galaxy properties with those 
of the galaxy populations of other EDisCS clusters with similar 
velocity dispersions and different redshifts. 

Throughout this paper, we assume Ho = 70 km s -1 Mpc~', 
£2 m = 0.30, C2a = 0.70. All magnitudes are in the Vega system. 



2. The data 

2.1. Target selection and observations 

The target selection strategy, mask design procedure and ob- 
servations are similar to those ad opted for the EDisCS spec- 
troscopy, described i n det ail in lHallidav et al.l d2004l) and 
iMilvang- Jensen et al.l (|2P08). The only difference is that it tar- 
geted z = 0.96, unlike the previous target selection that was fo- 
cused on z = 0.70. 

The target select ion was based on t he available VLT/FORS2 
optical photometry dWhite et al.ll2005l) and the NTT/SOFI NIR 
photometry (Aragon-Salamanca et al., in preparation). The opti- 
cal data cover 6.5' x 6.5' and are well-matched to the FORS2 
spectrograph field-of-view. The NIR data cover a somewhat 
smaller region of 4.2' x 5.4'. The photometry was used as input 
to a modified version of the photometric redshifts code hyperz 



(iBolzonella et al.l I20 00). The aim of the target selection strat- 
egy was to keep all galaxies at the cluster redshift (brighter than 
/ = 23), while removing objects that were almost certainly not 
galaxies at the cluster redshift . The selection criteria are ex- 
plained in lHallidav et alj d2004l) . 

Targets already observed in previous runs and with mea- 
sured redshifts (see Milvang- Jensen et"al]|20 08) were preferen- 
tially not repeated, when an alternative was found. 

Poirier] d2004h developed a programme to design the spec- 
troscopic slit masks for EDisCS (called "MXU masks" after the 
Mask eXchange Unit in the FORS2 spectrograp h). A fuller de- 
script ion of how the programme works is found in Hallida v'et al.l 
d2004l) . Spectroscopic ob servations were complet ed using the 
FORS2 spectrograph^ (cf. lAppenzeller et aljfl998h on the VLT, 
during one observing run in March 2008, comprised of 3 half- 
nights. A high-efficiency grism was used (grism 600RI+19, 
^central = 6780 A, resolution FWHM w 6 A). The exposure time 
was 1800 seconds per frame, for a total of 8 frames per maskQ 
A total of 3 masks were observed, for a total of 94 slits (33 slits 
in mask 1 and 2 and 28 slits in mask 3). 

2.2. Data reduction 

The reduction was performed using an "improved sky subtrac- 
tion", whose properties and advantages have been la rgely de- 
scribed a nd discussed in | Milvang- Jensen et ail (|2008|). As pre- 
sente d in iMilvang- Jensenl d2003f) : iMilv ang-Jensen et al. (2003, 
2008), the traditional sky subtraction did not work well for spec- 
tra produced by tilted slits: strong, systematic residuals were ev- 
ident where skylines have been subtracted. As a consequence, an 
improved method for the sky subt raction wa s implemented. The 
method is described in detail in lKelsonl d2003l) . The key point of 
this method is that the sky subtraction is performed prior to any 
rebinning/interpolation of the data, hence it results in smaller 
noise than the traditional subtraction. Briefly, starting from the 
combined but uninterpolated frames, the data are flat-fielded; 
then the sky is fitted and subtracted and the spatial curvature 
is removed by means of an interpolation in y. The individual 
spectra are cut-out, the 2D wavelength calibration is applied by 
means of an interpolation in x, resulting in rectified 2D spectra 
(i.e. pixelised in (x r ,y t )) that are sky-subtracted, and with almost 
no systematic residuals where the skylines have been subtracted. 
Finally ID spectra are extracted. 

Around the central wavelength, our ID spectra have a me- 
dian S/N=4.6 A per pixel in the continuum. 

2.3. Galaxy redshifts and equivalent width determinations 

Galaxy redshifts were measured from the redu ced ID spectra, 
using emission lines where possible, as done in Poggianti et al. 
(2006). We used the [On],i3727 line, the [OmJ^soo? line, the 
Ho'^6563 line, or the most prominent absorption lines, e.g. 
Calcium K and H lines at 3934 A and 3968 A. The redshifts were 
manually assigned a quality flag. The vast majority of the mea- 
sured redshifts (164/214) are of the highest quality, and these 
redshifts are assigned a value in the z qua uty column in the 
catalogue. Secure redshifts but with larger uncertainties are as- 
signed a flag = 1 (5/214), and doubtful redshifts are assigned a 
flag = 2 (9/214). For a fraction of objects (36/214), no redshift 
could be determined, and these redshifts are listed as 9.9999 in 



1 http : //www . eso . org/ instruments/ f ors 

2 Only one frame of one mask had an exposure time of 2400 seconds. 
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our data tables (flag Zquaiity — 3). The fraction of galaxies for 
which redshifts could not be obtai ned is somewhat higher tha n 
for the rest of the EDisCS clusters (Mi lvang- Jensen et al. 2008). 
This is due to the fact that this cluster is at significantly higher 
redshift and, although the magnitude limit in the target selec- 
tion is the same, the target galaxies are, on average, significantly 
fainter than for the rest of EDisCS. In other words, the magni- 
tude distribution is skewed towards fainter magnitudes, explain- 
ing the lower success rate. For the objects targeted as possible 
cluster members in the 3 long masks, the statistics are as follows: 
10 stars, 204 galaxies and 36 without a determined redshift. 

In our sample, nine objects were already present in 
IMilvang- Jensen et~aT . (2008). Two of them are stars (which were 
obs erved and repeated fo r calibration purposes), for one object 
the iMilvang-J ensen et al. (2008) redshift estimate was more re- 
liable. In the other cases, the difference bet ween the two redshift 
estimates was always less than 0.0005. IMilvang- Jensen et aD 
(2008), who adopted the same instruments, data reduction and 
procedure give an error that corresponds to ~ 0.0002, at any 
redshift, and this is compatible with the one computed as the 
difference between the two redshift estimates. 

In addition, when possible, we also measured the equivalent 
width of [On] and H^. Note that for star-forming galaxies the Hj 
absorption line may be affected by emission in-filling. We have 
not attempted to correct for this effect. 

From now on, we use both the spectra reduced in the curren t 
work and those already obtained by Milvang- Jensen et al. I J2008t) 
for the same field. 

2.4. Spectroscopic completeness weights 

During the EDisCS spectroscopic runs, slits were assigned to 
galaxies giving preference, whenever possible, to the brightest 
targets. Therefore, it is necessary to quantify how the complete- 
ness of the spectroscopic samples varies as a function of galaxy 
apparent magnitude. This was done comparing the number of 
objects in the spectroscopic catalogue with the number in the 
parent photometric catalogue in bins of / magnitude. The par- 
ent catalogue included all entries in the EDisCS photometric 
catalogue that were retained as targets for spec troscopy (see 
iHallidav et all l2004t IMilvang -Jense n et al.l 2008). Since here 
we comp ute spectroscopic completene ss also for galaxies ob- 
served in Milv ang-Jensen et al . (2008), we use as parent cata- 
logue the su m of the parent catalogue use d for the observations 
presented in IMilvang- Jensen et al.l (120081) plus the parent cata- 
logue adopted for the current observations. The ratio of the num- 
ber of objects in the spectroscopic catalogue to the number in the 
parent photometric catalogue yielded a weight as a function of 
galaxy apparent magnitude. The mean completeness for galaxies 
with / < 23 is ~ 37%. 

Geometrical effects, due to possible variations in the sam- 
pling as a function of the cluster-centric radius, can in principle 
af fect a spectroscopic sam ple of a cluster. However, as discussed 
in Poggia nti et al.l 52006), geometrical effects are expected to be 
small when several masks of the same cluster, always centered 
on the cluster center, are taken, as it is the case for EDisCS. 
Hence we do not have to compute geometrical completeness 
weights. 

2.5. Morphologies 

The morphological cla ssification of galaxies have been drawn 
from lDesai et al.l (120 07) and it is based on the visual classication 



of HST/ACS F814W images sampling the rest-frame ~ 4300 - 
5500 A range. However, since 1 1/30 of our c luster and se c ondar y 
structure members had no morphology in iDesai et aD (l2007|). 
being fainter than the magnitude limit adopted in Desai et all 
(2007), ACS - HST images were inspected agakQ and a new 
morphology was assigned to the previously unclassified objects. 
It was very hard to assign a precise Hubble morphology for 
them. They are all peculiar, disturbed galaxies, possibly under- 
going mergers. 

The n ew morphological classification follows the one pro- 
posed by IDesai et all (|2007). The classification is as follows: 
Star= 7, nonstellar but too compact to see structure= -6, ellipti- 
cals = -5, S0= 2, Sa= 1, Sb= 3, Sc= 5, Sd= 7, Sm= 9, Irr/Pec= 
1 1, no HST data corresponding to ground-based object = 111. 

2.6. Determining the galaxy stellar masses 

In previous EDisCS papers (see, e.g, IVulcani et al.ll2.01 ll) . stel- 
lar masses were co mputed following the method proposed by 
iBell & de Jong (2001). However, the relation they proposed may 
not be valid at z ~ 1. This is because the spectro-photometric 
models they use are for z ~ 0, and assume that galaxies have 
been forming stars for the last ~ 13 Gyr. In contrast, galaxies 
change their mass-to-light ratio over time, hence the assump- 
tions that are valid at z ~ might not be valid at high-z and 
the relation between mass-to-light ratio and colors could change 
going to higher redshifts. As a consequence, in this paper we de- 
termine stellar masses by fitting the observed photometry with a 
spectrophotome tric model. We then com pare the two approaches 
to test whether IBell & de Jongl d200ll) method is still valid at 
higher-z. 

The model used in th i s paper follo ws the approach described 
in lHat ziminaog lou et "aT] (l2008Ll2009h and was purposely modi- 
fied to run with EDisCS data. It ex ploits the photometric EDisCS 
VRIJK bands dWhite et alj|2005l) . 

The aim of the GAlaxies SED FITting code (GASFIT) is to 
calculate the total stellar mass of galaxies from their observed 
photometry. The code uses a combination of theoretical spec- 
tra of Simple Stellar Population (SSP) models to reproduce the 
observed broad-band spectral energy distribution of a gal axy. 

The Padova e volutio nary tracks dBertelli et alJ H"994) and a 
standard ISalpeterl (Q955) IMF, with masses in the ra nge 0.15 - 
120 Mq are u sed. For details on the set of SSP see iFritz et all 
(I2007L 120111) and references therein. The final set of SSPs is 
composed of 13 spectra referring to stellar ages ranging from 
3xl0 6 to 14xl0 9 years. The set has a common metallicity which 
can be chosen by the user. All the spectra are weighted with a 
suitable value of the stellar mass, then they are summed. The 
effect of dust attenuation is taken into account by applying an 
extinction law, which is simulating dust distributed in a uniform 
slab sitting in front of the stars; a common value is adopted for 
all SSPs, i.e. no selective extinction is considered. The Galactic 
extinction curve is generally adopted, but the code allows for 
other options as well. The amount of extinction, which is mea- 
sured through the E(B - V) value, is one of the parameters of the 
code. 

The value of the stellar mass that is used to weight the spectra 
of each age, is computed by assuming that the star formation 
history (SFH), that is the star formation rate as a function of 
time, of a galaxy is well represented by a "delayed-exponential" 
law dSandagdll986tlGavazzi et al.ll2002l) . 

3 This has been done by three independent classifiers, Benedetta 
Vulcani, Bianca M. Poggianti and Alfonso Aragon-Salamanca. 
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The final model spectrum is hence computed. Once the 
metallicity of the stars and the extinction law are fixed, only two 
free parameters are used: E(B - V) and t, which is expressed 
in terms of the age of the galaxy. To find the combination of 
these two parameters that minimizes the difference between the 
observed photometry and the model, models are calculated for 
various combinations of E(B - V) and t, where the first param- 
eter can assume values ranging from to 0.^3 an d the second 
can range from 0.02 to 1 . The best-fit model is chosen as the one 
yielding the lowest^- 2 value. This procedure is repeated for each 
object of the input catalogue. The total stellar mass values pro- 
vided by the code include the mass in stars plus stellar remnants. 

Stellar masses have been computed f or all galaxies with a 
reliable redshift. Since the model adopts a Salpeter (1955 1) IMF 
in the mass range 0.15 - 120 M , to convert to a lKjoup"a[ 72001) 
IMF we multiplied the model masses by a factor 1/1.33. Given 
the mass range of the galaxy sample, we used models with solar 
metallicity. 

We compare the re sults coming from the se models to the 
masses computed using lBell&deJong|(l200Tl) for cluster mem- 
bers and found that both methods give compatible mass esti- 
mates (rms ~ 0.1 dex), suggesting that the B ell & de JongU2001l) 
relation and detailed SED-fitting methods give similar results 
even at z ~ 0.95. 

To compute the mass completeness limit we consider the 
main structure, at z ~ 0.96, and determine the value of the 
mass of a galaxy with an absolute B magnitude corresponding 
to / = 23, and a color (B -V) ~ 0.85, which is the redd est color 
of gal axies in this cluster. In this way, the limit for a[Kroupa 
(2001) IMF is M« > 1O 1O - 7 M . 



Column 6 gives EWou, the rest-frame equivalent width, in 
A, of the [On]^3727 line, adopting the convention that EWs are 
negative when in emission. "-" indicates the measurement was 
not possible due to low S/N. 

Column 7 gives EWh s , the rest-frame equivalent width, in 
A, of the Ha line, adopting the convention that EWs are nega- 
tive when in emission. "— " indicates the measurement was not 
possible due to low S/N. 

Column 8 gives the mass estimates, computed as presented 
in 92.6l and converted to a lKroupjd200lb lMF. 

Column 9 gives the spectroscopic magnitude completeness 
weights, computed as presented in 92.41 

Column 10 gives the morphology of galaxies. 

Column 1 1 gives some relevant comments. 

3. Results 

3. 1 . Galaxy positions, redshifts and cluster velocity 
dispersions 

In this section, we study the distribution of galaxies in the field, 
investigating whether they are grouped in structures. We study 
both their spatial and redshift distributions. 

The lower right panel of Figure Q] shows the redshift his- 
togram obtained from the spectroscopic observations of the 
field. Here all galaxies are used, both those for which we 
carried out the data r educti on and those already analyzed by 
Milv ang- Jensen et al] (2008). In the redshift distribution four 
structures can be detected, called 1 (the main peak at the cluster 
redshift), lc, Id and le, characterized in Table[2] 



2.7. The spectroscopic catalogue 

All the previou sly-available EDisCS spec troscopic information 
is des cribed in Hallidav et al.l (120041) and iMilvang- Jensen et al.l 
(2008). The catalogue presented here contains all the spec- 
troscopy now available for thi s cluster field, including our new 
data and the data presented in IMilvang- Jensen et al] (2008j) for 
completeness. 

The format of the tables is illustrated in Table [1] while the 
whole catalogue is published electronically at the CDS. 

Column 1 gives the object name ID. (IDs starting with 
EDCSNJ), usually adopted to indicate EDisCS galaxies. These 
IDs are derived from the EDisCS photometric catalogue, match- 
ing the coordinates (RA and DEC). 

Column 2 gives 7 auto , the total /-band magnitude (not cor- 
rected for Galactic extin ction). This magnitude comes from the 
catalogues published in Whit e et al .1 d2005l) . 

Column 3 gives the redshift z as determined in 92.31 The red- 
shifts are always given with 4 decimal places. A value of 0.0000 
denotes a star, and 9.9999 denotes that no redshift could be de- 
termined. 

Column 4 gives the redshift quality z qua iity means that red- 
shift measurement is robust. Secure redshifts but with larger un- 
certainties are assigned a flag=l, doubtful redshifts are assigned 
a flag=2, no redshift estimates are assigned a fiag=3. 

Column 5 gives the membership flag. It is 1 for members of 
the main cluster, lc, Id, le for members of secondary structures, 
for field galaxies, and "-" for stars and objects without a de- 
termined redshift. Membership is defined as being within +3 cr c \ 
fromzci. 



Table 2. List of the structures identified, with redshift, and num- 
ber of members. 



name 


z 


memb 


1 (cluster) 


0.958 


22 (22) 


Id 


0.825 


8(6) 


lc (secondary structure) 


0.983 


7(6) 


le 


0.807 


4(2) 



Notes - The number of members is within ±3cr from the structure's 
redshift. In parenthesis the number of objects with a reliable redshift 
fequaiity = 0) is given. The structures are labelled in richness order, with 
the richest (as determined from the number of spectroscopic members) 
first. 



The upper right panel of the Figure Q] shows a zoom of the 
redshift histograms of the structures 1 and lc that will be ana- 
lyzed carefully in the following. The other structures, Id and le, 
will be discarded from our galaxy analysis since they are outside 
the targeted redshift range and the galaxies observed are there- 
fore a biassed subsample of the total population. 

To comput e velocity dispersions we adopt the iterative 
method used in [Milvang- Jensen et al] (120081) . using a biweight 
scale estimator dBeers et aL 19901) . The rest-frame velocity dis- 



4 We note that even extending the E(B-V) range up to 1 the results do 
not change significantly. 



persion obtained for the main structure is quite robust and reli- 
able: cr rf = 522+J[[km s -1 . However, we note that although in 
this work 13 spectra were added, the erro r in sigma did not ap- 
precia bly decrease from the value found in Milv ang- Jensen etakl 
(2008) (see 93.2.11 ). which implies that the structure is not re- 
laxed. The velocity dispersions for all other structures are very 
uncertain, hence not useful for the following analysis. In Table [3] 
additional information for the CI 1103.7-1245 cluster is given. 
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Fig. 1. Left panel: spatial distribution of galaxies in the whole field. Pixel positions for galaxies are given. The units on the axes are 
pixels — 0.2". North is up and east is to the left .The structures identified are indicated with the different colors. Black points: all 
galaxies in the spectroscopic catalog. Red dots: main cluster, "1". Empty magenta pentagons: "lc". Green skeletal stars: "Id". Blue 
crosses: "le". The size of 1 Mpc at z — 0.95 is also shown. The BCG of the main cluster is also indicated with an empty red circle. 
Lower right panel: redshift histogram of the whole field. The position of the structures identified in the field is also indicated. Upper 
right panel: redshift histogram of the structures 1 and lc, which are the structures analyzed in the paper. 



For the sake of completeness, we mention that we obtained 
cr rf = 517+j?!km s _1 for the secondary structure lc, <x rf = 
167^34kms _1 for structure Id, and <x rf = 34+[gkms~ 1 for struc- 
ture le, although we insist these are highly unreliable. 

The left panel of Figure Q] shows the spatial distribution of 
galaxies in the entire field. The structures identified are indicated 
with the different colors. Most of the galaxies of the main struc- 
ture are concentrated around the BCG (see below), while galax- 
ies of the other structures are very spread and it is not possible 
to define the position of the center. 

It is interesting to note that, even though the secondary struc- 
ture has a very similar velocity dispersion value as the main clus- 
ter, it has x3 fewer members. It is also close to the main struc- 
ture both in redshift and in physical distance (their distance is 
~ 13cr). This probably indicates that the secondary structure is 
not quite a cluster yet, but some smaller system possibly infalling 
onto the main cluster at later time. 

Due to the small number of members, we are not able to 
identify any substructure in any of the structures. 

In this section, we have investigated the structures found in 
the field, we can now proceed characterizing in detail the galaxy 
populations of two of them: the structures 1 and lc. 

3.2. Analysis of the galaxy properties and stellar populations 
3.2.1. The CI 1103.7-1245 cluster 

In this subsection we carefully analyze the properties of 
CI 1103.7-1245, the main structure identified in the field. Our 
spectrosco pic catalogue of this c luster now consists of 22 galax- 
ies. When Milvan g-Jensen et all (|2008) observed it, they found 
only 9 members with robust redshift measurements. They mea- 
sured Zci = 0.9586 and cr c , = 534+™kms~ 1 . Putting all data 
together, we find z c i = 0.9580 and cr e/ = 522 ±111 km s _I . 

One of our new members was also tentatively assigne d as 
cluster member by the ERGS project dDouglas et alj|2010h . us- 
ing a lower resolution grism. 



Other pieces o f inf ormation for this fi eld can be found in 
IWhite et al] (120051) and iPello et al.1 (120091) . Using all of these, 
we characterize the galaxy population of both the cluster and the 
secondary structure (see jH3.2.2l l. 

For one galaxy member, EDCSNJ1 103464-1248034, the 
photometry was not reliable, due to the presence of a galaxy 
close to it that altered its observed photometry, hence values of 
magnitudes, colors, and mass are not reliable. It will be disre- 
gar ded in the fo llowing analysis. 

IWhite et ail d2005l) gave the position of the BCG candi- 
date for each EDisCS cluster. As already found by the previous 
EDisCS data, the galaxy proposed to be the BCG for this clus- 
ter actually is the most luminous cluster member galaxy. This 
galaxy is EDCSNJ1 103434-1245341 and its position is shown 
in the left panel of Figure Q] It appears that the BCG lies to- 
wards the edge of the distribution of members, arguing that this 
cluster is not relaxed and that there may be a significant sys- 
tematic error in the velocity dispersion. Another explanation to 
the fact that there are no objects on the right hand side of the 
field could be that that region has been observed during the old 
run, which was unfavorable to z=0.96, hence it was hard to find 
cluster members. 

In Figure|2]the color magnitude diagram for cluster members 
(filled symbols) and secondary structure members (empty sym- 
bols) is shown. Morphological types and measured values of the 
EW([On]) are also indicated, with different colors and symbols. 
Rest-frame absolute B magnitude and rest-frame (B - V)q are de- 
rived from photo-z fitting, fixing each galax y redshift to be equal 
to the spectrosc opic redshift of the cluster (Rud nick et al.| [2003: 
IPello et aUl2009h . 

Among the spectroscopic members, three galaxies are ellip- 
ticals, eleven are spirals, seven are irregulars/peculiars and one is 
located outside the ACS image. It is interesting to note that no SO 
galaxies are detected. All ellipticals have red colors, are located 
on the red sequence and do not have any significant star forma- 
tion ([On] was detected only in one elliptical galaxy with a very 
low EW, probably due to AGN activity). These are the brightest 
and the most massive galaxies (see below for the mass distribu- 
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Fig. 2. Rest-frame (B - V)o vs. Mb diagram for spectroscopic 
members of the cluster 1 (filled symbols) and the secondary 
structure lc (empty symbols), with also the morphology and the 
[On] (color coded) information. Circles: ellipticals. Diamonds: 
spirals. Squares: irregulars/peculiars. Triangles: galaxy out of 
the ACS image. 
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Fig. 3. Weighted mass distribution of galaxies in the cluster. All 
(black line), elliptical (red line), spiral (blue line), and irregu- 
lar/peculiar (cyan line) galaxies are shown. Also the galaxy with- 
out morphology is indicated (yellow line). The mass complete- 
ness limit is indicated with a dashed vertical line. Upper panel: 
cluster 1, lower panel: secondary structure lc. 



tion). The BCG of the cluster is an elliptical galaxy. In contrast, 
late-type galaxies (spirals + irregulars/peculiars), which repre- 
sent the vast majority of the entire sample, cover a wide color 
range. Six of them have quite red colors and are located on the 
red sequenc e. This may be due to the presence of dust. In fact, as 
proposed by I Wolf et al.l d2009l) . optically-passive spirals in clus- 
ters, and dusty red galaxies appear to be basically the same phe- 
nomenon. These objects are not truly passive galaxies despite 
their red colors. The other late-types belong to the blue cloud. 
All late-type galaxies show [On] emission lines in their spec- 
trum, hence they are assumed to be star-forming. On the whole, 
the [On] in emission has been measured for 17/22 galaxies. All 
galaxies with no [On] or with very weak emission lines are lo- 
cated on the red sequence. 

In the upper panel of Figure [3] the mass distribution of 
cluster galaxies weighted for spectroscopic incompleteness is 
shown. Galaxies cover a quite wide range of masses (9.9 < 
log M*/M G < 1 1.8). The mass distributions of galaxies of differ- 
ent morphological types are also indicated. Ellipticals and late- 
types follow two distinct mass distributions. All ellipticals have 
log Af» /M Q > 11.1, while late-types have log M, /M < 11.1. 

Our sample is complete in mass for all galaxy types down 
to log M*/M Q ~ 10.7, and the differences in mass distribution 
between ellipticals and late-types are clearly noticeable above 
this limit. 

3.2.2. The secondary structure CI 1 103.7-1 245c 

In this subsection we study the galaxy population of CI 1 103.7- 
1245c, called secondary structure, which is represented by 
empty magenta pentagons in the left panel of Figure Q] Our 
sample in this structure consists of seven galaxies. It is a dif- 
fuse structure and, except for three galaxies that are close both 
in space and in redshift, members are far from each other. Due 
to the small number of galaxy members, the color magnitude di- 



agram is sparsely populated (see empty symbols in Fig. [2j». The 
red sequence can not be detected; all galaxies are placed in the 
blue cloud. 

One galaxy is located outside the ACS image and hence 
has no known morphology. All others are irregulars/peculiars. 
Moreover, all galaxies in this structure have strong emission 
lines and are therefore strongly star forming. 

Comparing the results for the cluster and the secondary 
structure, we find that they consist of very different galaxy pop- 
ulations. The cluster hosts both a population of passive galaxies 
and at least one star-forming one, while in the secondary struc- 
ture all galaxies are star-forming. Also the mass distributions are 
different: galaxies have systematically lower masses in the sec- 
ondary structure than in the cluster. 

To investigate whether the galaxy mass might be the main 
driver of the detected differences in the cluster and the secondary 
structure we consider only cluster galaxies in the mass range 
of secondary structure galaxies (9.9 < M*/M Q < 10.5). These 
galaxies are all late-types and all of them are star-forming ([On] 
detected). Four of them are spirals, four are irregulars/peculiars. 
In contrast, all secondary structure galaxies are irregulars and 
star forming. Thus, even if we consider only a common mass 
range, the galaxy population in cluster 1 and in structure lc seem 
to be different, with less evolved galaxies in the latter. 

Even though our sample is affected by low number statistic, 
it is worth noting that, neither in the cluster nor in the secondary 
structure do we detect galaxies in a transient phase, such as those 
moving from the blue cloud to the red sequence, orpost-starburst 
galaxies (objects characterized by strong Balmer lines in absorp- 
tion and no emission lines, indicating that the star formation ac- 
tivity ended abruptly during the past ~Gyr). We note that the 
lack of E+A galaxies is consistent with the number expected 
from lower redshift EDisCS clusters. 
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3.3. Comparisons with lower redshift clusters 

The analysis presented in this paper allows us to significantly ex- 
tend the redshift range of the EDisCS survey. It is therefore inter- 
esting to compare the galaxy population of CI 1 103.7-1245 with 
those in other EDisCS clusters to detect possible evolutionary 
trends. For comparison we select all the EDisCS structures that 
have a similar velocity dispersion but are located at lower red- 
shifts. Table|4]lists the clusters that satisfy these requirements. 

We first adopt a common absolute magnitude limit (corrected 
for passive evolutior0). For CI 1103.7-1245, the completeness 
magnitude limit is fixed at My — -21. Hence, for the other clus- 
ters we adopt a limit which for passively-evolving galaxies cor- 
responds to My = — 21 at z ~ 0.95 (see Table|4|. At any redshift, 
we consider only galaxies within 0.87?2oo- This corresponds to 
the spectroscopic coverage of the clusters at z ~ 0.4. 

In this section we compare the completeness-corrected 
number of cluster members, the completeness-weighted frac- 
tion of galaxies with [On] in emission, and, when available, 
the completeness-weighted morphological fractions. In Table [4] 
numbers and fractions for each cluster are given. 

In Figure [4] the completeness-corrected number of members 
of each cluster is plotted as a function of z. The number of galaxy 
members in clusters with similar velocity dispersion seems to 
decrease with redshift. The only exception in this trend is for CI 
1054.7-1245 that has many more members. This can be due to 
the presence of a secondary structure close to the main cluster 
that is difficult t o disentangle. 

As found in Poggianti et al. (2010) in simulations, the num- 
ber of cluster members per unit of cluster mass is constant both 
with redshift and cluster mass (N msm b = aM sys ). These authors 
computed a = 20 galaxies/ 1 14 M for a magnitude limit My 

20. At z — 0.45, for a cluster <x = 500kms _1 , we estimate the 
cluster halo mass to be M sys = 1.686 x 1O 14 M Q Considering 
CI 1202.7-1224 and CI 1018.8-1211 (whose mean redshift is 
(z) = 0.45 and mean velocity dispersion is (cr) ~ 500 km s -1 ), 
we measure a number of members equal to 43 for our magnitude 
limit of My = -20.5. Therefore a = 25.5 galaxies/ 10 14 M . As 
a consequence, the predicted number of galaxies for a cluster 
of the same velocity dispersion, but located at z = 0.95 is ~ 32 
(this calculation reflects the growth of the halo mass with cosmic 
time). This is in good agreement with the observations shown in 
Figure |4] CI 1103.7-1245 has 31.4 galaxies and a velocity dis- 
persion of 522 + 111 km s _1 . 

We now explore the evolution of the star-formation activity 
of the galaxies in these clusters using the [On] emission line as 
a tracer. Looking at the fraction of galaxies with [On] emission 
(see Table gJiQ a slight trend with z is detected: CI 1 103.7-1245 
has a marginally higher fraction of star-forming galaxies than 
lower-z clusters. 

Concerning galaxy morphologies (see Table [5]), 
CI 1 10 3.7-1245 seems to follow the trends found in Desa i et alj 
(120071) : there is no significant redshift evolution in the elliptical 
galaxy fraction, but there is a clear decline in the SO fraction 
with look-back-time. Indeed, none of the spectroscopic mem- 
bers of CI 1 103.7-1245 is an SO, while we find a relatively-high 
fraction of late-type galaxies. However, the absence of SOs could 
simply be due to the small sample size: at these redshifts the 



fracti on of SOs found in clusters is quite small (IPostman et al.l 
I2005h . 

To compare galaxy stellar masses between clusters we adopt 
mass-limited samples with log M*/M Q > 10.7, which are com- 
plete at all redshifts. The mean stellar masses of cluster galaxies 
are very similar for all the clusters (Table 0). This suggests that 
the high-mass end of the galaxy population in clusters of similar 
velocity dispersion has not changed much in the redshift range 
explored, i.e., the most massive galaxies were already in place in 
Z ~ 1 clusters. 



4. Summary 

In this paper we present new spectroscopic observations for 
CI 1103.7-1245, the most distant cluster of the EDisCS 
pr oject (z = 0.9580), complementing the previous analysis 
of iMilvang- Jensen et al.l (2008), whose observations targetted 
z=0.70 and thus were somewhat biased against galaxies in this 
cluster at z=0.96 

From the spectra we measured the galaxies' redshifts, 
[On] ,13727 and H^ equivalent widths, and spectroscopic com- 
pleteness weigh ts. These new data w ere complement e d wi th in- 
formation from IWhite et all (120051) and iPello et al.l d2009l) . to 
characterise the galaxies' physical properties such as their stel- 
lar masses, star-formation activities and morphologies. This al- 
lowed us to study the galaxy populations in the CI 1 103.7-1245 
cluster (z = 0.9580) and another structure at a similar redshift 
(C11103.7-1245catz = 0.9830), and compared them with those 
of lower redshift clusters. The main results can be summarised 
as follows: 

- The main cluster CI 1103.7-1245 (for which we have 22 
spectroscopic members) consists of two well separated pop- 
ulations: elliptical galaxies located on the red sequence 
without any significant star-formation activity, and active 
late-type galaxies, that can be either as red as the red se- 
quence galaxies or cover a wide range of colors. All mor- 
phologically late-type galaxies are star-forming. The clus- 
ter galaxies cover quite a broad range of masses (9.9 < 
log M*/M Q < 11.8). All ellipticals are very massive 
(log M»/M > 11.1), while the late-types (spirals and irreg- 
ulars) have log M t /M Q < 11.1. 





i 

CD 

E 



5 The passive evolution has been computed assuming the formation 
at z=5 and solar metallicity. 

6 We compute the mass of the system as in Pog gianti et all (2006). 

7 In computing the [On] fractions, we consider only galaxies for 
which the [On] line could be measured (even if absent). However, in 
each cluster at most 1 or 2 galaxies had no EW([On]) measurement. 



Fig. 4. Completeness-corrected number of cluster members as a 
function of redshift for EDisCS clusters with cr = 500kms _1 . 
The predicted number of cluster members for the adopted mag- 
nitude limit is shown as the red dashed line. See text for details. 
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- CI 1 103.7-1245c, the secondary structure, (for which 
we have 7 spectroscopic members) contains only irregu- 
lar/peculiar galaxies, with some possibly undergoing merg- 
ers. These galaxies are all star forming and located in 
the blue cloud. Their stellar masses are in the 9.9 < 
log M„/M G < 10.5 range, systematically less massive than 
the galaxies in the main cluster. 

We conclude that the main cluster and the secondary structure 
consist of very different galaxy populations, with clearly differ- 
ent star formation properties, morphologies and masses. 

We have also compared the properties of the CI 1 103.7-1245 
cluster galaxies with those of the galaxy populations in EDisCS 
clusters at lower redshift and comparable velocity dispersions 
(o"cius — 500kms _1 ). Considering absolute-magnitude-limited 
samples (My < -21 at z ~ 0.95), and galaxies within 0.8/?200, 
the main results are: 

- The number of member galaxies in clusters with similar ve- 
locity dispersions decreases slightly with redshift. This is a 
consequence of the fact that the cluster mass is expected to 
grow with time and the prediction from simulations that the 
number of galaxies per unit of cluster mas s should be in- 
depen dent of redshift and cluster halo mass (Poggianti et al. 
l2010h . 

- The morphologcal mix and the star-formation activity in 
the cluster galaxies follows the trends found at lower red- 
shifts. The fraction of elliptical galaxies remains approxi- 
mately constant with redshift, while the fraction of SOs de- 
clines as the fraction of later types increases. We found 
no spectroscopically-confirmed SOs in CI 1103.7-1245. 
Furthermore, the fraction of star-forming galaxies in this 
cluster is marginally higher than in lower-redshift clusters 
of similar cr dus . 

Finally, comparing mass-limited galaxy samples with 
log M*/M Q < 10.7, we found that the galaxies in clusters of sim- 
ilar cr dus have similar average stellar masses, suggesting that the 
most massive galaxies were already in place in at z ~ 1 clusters. 
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Table 1. Illustration of the format of the spectroscopic catalogues. 



1: the most distant EDisCS cluster 



ID new 




*auto 


z 


£qu:il 


memb 


EWon 


EW H6 


logM»/M 


W 


morph 


EDCSNI1 103444- 


1245153 


21.534 


0.9640 





1 


0.0 


2.5 


11.243 


4.71 


-5 


EDCSNI1 103447 - 


1245597 


22.213 


0.9588 





1 


-20.8 


4.0 


10.404 


2.58 


3 


EDCSNI1 103417- 


1245150 


22.188 


0.9885 





lc 


-105.5 


-8.0 


10.087 


3.75 


11 


EDCSNI1 103437- 


1244540 


22.168 


0.9559 





1 


-17.8 




10.538 


3.75 


5 


EDCSNI1 103462 - 


1245556 


22.289 


0.7212 








-66.95 




9.748 


2.58 


1 



Notes - This example table contains entries to illustrate all relevant features of the tables published electronically at the CDS. This table contains 
both the new redshif ts from data presente d in this work (56% of the redshifts) and all the redshifts taken in this field from the previous EDisCS 
spectroscopy (Milvang-Iensen et al. 2008) (44% of the redshifts). 

Table 3. #200, M <T , and M, ens for CI 1 103.7-1245. 



<T rf 

name _ u 
(kms ) 


-^200 


U a 




(Mpc) 


(M ) 


(M ) 


CI 1103.7-1245 522+JJj 


0.76 + 0.16 


(1.42 ± 0.99) x 10 14 


(7.25 ± 3.48) x 10 14 



Notes - The virial radius Riqq, de fined as the radius del imiting a sphere with interior mean densit y 200 times the c ritical density of the Universe at 
that re dshift, was computed as in lPoggianti et alj i2006h . the masses was computed following iFinn et all d2005h . and Mi ens is from lClowe et al.l 
(2006). Errrors were computed with the propagation of errors. 

Table 4. EDisCS clusters used to compare galaxy populations. Number of members, magnitude limit and [On] fractions for all 
clusters. 



name 




z 


<x (kms L ) 


N 


M v 


/([On]) 


<log(M„/M )> J 


CI 1202.7- 


1224 


0.4240 


5 18! 104 


42.5 


-20.5 


0.27 ± 0.08 


10.97 ± 0.04 


Cl 1138.2- 


1133a 


0.4548 


542™ 


48.8 


-20.5 


0.64 ± 0.08 


10.9 ± 0.05 


Cl 1059.2- 


1253 


0.4564 


510 +52 


56.9 


-20.5 


0.62 ± 0.07 


11.08 ±0.02 


Cl 1018.8- 


1211 


0.4734 


486+ « 


43.0 


-20.6 


0.37 ± 0.09 


10.97 ± 0.04 


Cl 1227.9- 


1138 


0.6357 


574 + | 


24.7 


-20.7 


0.63 ± 0.01 


11.02 ±0.06 


Cl 1054.4- 


1146 


0.6972 


589! 


80.1 


-20.8 


0.62 ± 0.06 


11.08 ±0.04 


Cl 1054.7- 


1245 


0.7498 


504^ 
522!!!| 


37.8 


-20.8 


0.18 ±0.08 


11.19 ±0.02 


Cl 1103.7- 


1245 


0.9580 


31.4 


-21.0 


0.76 ±0.12 


11.06 ±0.03 



'Mean masses are computed above the common mass limit log(M»/M ) > 10.7. 

Table 5. Morphological fractions (in %) for all clusters, above the absolute magnitude limit My < -21 at z — 0.95, corrected for 
passive evolution. 



name 


compacts 


ellipticals 


SOs 


spirals 


irr/pec 


CI 1138.2-1133a 


0±2 


27±7 


11±6 


62±8 


0±2 


CI 1227.9-1138 


0±4 


13+8 


30±12 


58+13 


0±4 


CI 1054.4-1146 


6±3 


32±6 


0±1 


53±6 


9±4 


CI 1054.7-1245 


0±2 


43±5 


24±4 


33±5 


0±2 


CI 1103.7-1245 


0±3 


27±9 


0±3 


73±9 


0±3 
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